G lioblastoma is the most malignant of primary adult brain tumors and is characterized by a highly localized invasive cell population, abundantly proliferative cells, neoangiogenesis, and necrosis. Despite continuous improvements in glioblastoma treatment, the median survival time does not exceed 15 months.
Protein disulfide isomerases (PDIs) are multifunctional proteins in the thioredoxin superfamily that function as isomerases and as chaperones during protein folding. Members of the PDI family have 3 catalytic components, including thiol-disulfide oxidoreductase, disulfide isomerase, and redox-dependent chaperone, and regulate the formation and rearrangement of disulfide bonds during correct folding of nascent proteins. 1, 17 The PDI family comprises 21 proteins that vary in size, expression, localization, and enzymatic function. Among them, PDIA6 is a 440-amino acid protein. Similar to human PDI, this protein contains 2 thioredoxin-like domains, and these domains share 47% amino acid sequence identity in the 2 proteins (PDI and PDIA6), suggesting that these proteins are functionally related. 15, 39 Proteome analysis has been used to identify correlations between PDI expression and cancers. According to these analyses, PDI is highly expressed in various tumor types, such as brain, prostate, lymphoma, kidney, prostate, and lung cancer. Overexpression of PDI occurs in lymph node metastases, metastatic tumors of the breast, and colorectal cancer. 48, 50, 51 Nevertheless, the function of PDIA6 in tumors has rarely been reported until now. PDIA4 and PDIA6 overexpression was detected in a patient with lung adenocarcinoma and in association with resistance to chemotherapy in patients with lung adenocarcinoma and ischemic brain damage. 39, 40 In proteomic studies reported in 2004, PDIA3 was found to be highly expressed in a low-grade astrocytoma. 29 However, some studies have demonstrated that PDI is associated with the invasive phenotype of glioblastoma and hepatocellular carcinoma using proteomic pattern screening technology. 15, 49 PDI controls the activity of ADAM17 at the cell surface (based on shedding of an epidermal growth factor receptor [EGFR] 21 protein). Willems and colleagues demonstrated that PDI maintains ADAM17 in an inactive conformation and that changes in the local redox environment, such as mobilization of reactive oxygen species, facilitate activation of ADAM17. 5, 8, 44 ADAMs (with ADAM defined as "a disintegrin and metalloprotease") are membrane-anchored metalloproteases that process and shed the ectodomains of membraneanchored growth factors, adhesion molecules, cytokines, and receptors. Because many transmembrane growth and differentiation factors, including members of the ErbB family of receptors, require ectodomain shedding for proper action in vivo, proteolysis is viewed as a regulatory mechanism in the developing embryo. 9, 21, 33, 42 ADAMs are associated with proliferation and invasion of various types of cancer, such as glioblastoma and cancers of the lung, prostate, breast, and tongue. 10, 13, 26, 28, 31, 37 ADAM17 promotes migration and invasion of lymphatic endothelial cells and of cells in the glioblastoma cell line in prostate cancer and in nasopharyngeal carcinoma. 2, 11, 24, 27, 45, 46 ADAM17 is also associated with a poor prognosis in cervical carcinoma. 47 We investigated whether PDIA6 can regulate cell migration and invasion and determined the correlation between PDIA6 and ADAM17 during migration and invasion of the U87MG human glioblastoma cell line.
Methods

Cell Culture
Cells of the human malignant glioma cell line U87MG were acquired from the American Type Culture Collection and were cultured in high-glucose Dulbecco's modified Eagle medium (DMEM, Gibco BRL) supplemented with 10% fetal bovine serum (Gibco) and maintained at 37°C in an incubator with 5% CO 2 and 95% room air. The EGFR tyrosine kinase inhibitor gefitinib and AG1478 were purchased from Sigma-Aldrich. Primary antibodies for actin, PDIA6, integrin alpha, and integrin beta were purchased from Santa Cruz Biotechnology, and membrane Type 1-matrix metalloproteinase (MT1-MMP), ADAM17, phosphorylated focal adhesion kinase (pFAK), and phosphorylated epidermal growth factor receptor (pEGFR) were purchased from Abcam.
siRNA Oligonucleotide Transfection
An siRNA oligonucleotide was used for PDIA6 and ADAM17 knockdown. Synthesized PDIA6 siRNA (5′-G A GUGAUAGUUUGUGGCUU-3′), ADAM17 siRNA (5′-C C AGGAGG CGAUUAAUGCU-3′), and scrambled RNA (as the negative control [NC]) were purchased from Bioneer. Approximately 2 × 10 5 U87MG cells were seeded on a 60-mm culture plate and transfected with the siRNA oligonucleotide using Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer's instructions. Gene silencing by siRNA was confirmed by reverse transcription-polymerase chain reaction (RT-PCR) and Western blotting. The respective cell lines were renamed siPDIA6 (PDIA6 siRNA), siADAM17 (ADAM17 siRNA), and siNC.
Wound-Healing Migration Assay
U87MG cells transfected with PDIA6 siRNA and scrambled RNA were maintained until nearly 100% confluence, and then a linear scratch was made using a 200-ml pipette tip. After being washed twice with phosphate-buffered saline (PBS), the cells were incubated for 12 hours, and images were obtained at 40× magnification.
Matrigel Assay
The Matrigel assay was performed as described previously. 34 Briefly, Matrigel was coated on a PET (polyethylene terephthalate) membrane of a cell culture insert (8-mm pore size) (Corning Corp.). Cells (5 × 10 4 ) were added to the membrane coated with Matrigel and were incubated for 24 hours at 37°C in a humidified atmosphere of 95% room air and 5% CO 2 . Cells that traversed the Matrigel layer and attached to the filter were stained with the DiffQuik Stain Set (Dade Diagnostics) and were counted in 5 randomly selected fields. Results are expressed as mean ± standard error of 3 independent experiments.
Brain Slice Invasion Assay
We performed organotypic cultures to recapitulate the matrix macromolecules normally encountered by infiltrating glioblastoma cells, as described previously by Jung et al. [18] [19] [20] The cells were stained with DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindo carbocyanine perchlorate, 97%) (Sigma-Aldrich) to evaluate their invasiveness in a brain slice model. The brain was removed from a 7-week-old male rat (F344/DuCrjOri) within 5 minutes of sacrifice by cervical dislocation. Briefly, the rat's brain was cut into 1-mm thick, 8 × 8-mm 2 slices using a brain matrix (Harvard Instruments), and the slices were placed on the upper chamber of Transwell culture dishes (0.4-mm pore size, Corning). The brain slices were incubated in DMEM with 10% fetal bovine serum. U87MG cells (5 × 10 5 ) transfected with PDIA6 siRNA and scrambled RNA were placed in a central hole of the brain slice and incubated for 5 days.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was isolated from 3 cultured glioma cell lines using TRIzol reagent. One microgram of RNA was reverse-transcribed to synthesize cDNA. Reverse transcription (RT) was followed by polymerase chain reaction (PCR). For first-strand synthesis, purified total RNA (1 mg) was incubated with oligo(dT) (0.5 mg/ml, Promega) for 5 minutes at 70°C, followed by the addition of buffer containing 4 ml of 5× reaction buffer (Promega), 1 ml of dNTP (10 mM each), 3.5 ml of 25 mM MgCl 2 , 2 ml of RNase inhibitor (40 U/ml, Promega), and 1 ml of reverse transcriptase (200 U/ml, Promega). The reaction volume was 20 ml, and the mixture was incubated for 1 hour at 42°C. Complementary DNA was amplified by Ex Taq polymerase (TaKaRa) (0.5 ml of single-stranded cDNA solution/25-ml reaction volume) using specific human primers (Table 1) .
Cell Adhesion Assay
Human fibronectin (10 mg/ml, Asahi Techno Glass) was coated on a 96-well plate for 1 hour at room temperature and washed with PBS. Then 1 × 10 4 cells/well were seeded and allowed to adhere to the dishes for 50 minutes at 37°C. Adherent cells were stained with the MTT reagent, and absorption was measured at 590 nm using an Infinite M200 PRO spectrophotometer (Tecan Group).
Preparation of Total Protein, Membrane Proteins, and Conditioned Media
Cells were lysed in a protein extraction buffer (50 mM Tris [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.5% deoxycholic acid, 0.1% SDS (sodium dodecyl sulfate), 1% NP-40, 1 mM PMSF, and 1 mg/ml protease inhibitor cocktail) to prepare total protein. The cell membrane fraction was prepared using a Mem-PER membrane protein extraction kit (Pierce Biotechnology), according to the manufacturer's protocol.
The cells were treated with siRNA or EGFR inhibitors to prepare the conditioned media. The cells were washed with PBS, serum-free medium (500 ml) was added to each plate, and the cells were incubated at 37°C for 48 hours. The conditioned media were clarified by centrifugation. The concentrations of all protein samples were determined using the Bio-Rad protein assay kit.
Western Blot Analysis
Whole cell lysates (5-10 mg) were separated by 8%-10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Pall Corp.). The membranes were incubated for 1 hour at room temperature with 5% nonfat dry milk, probed overnight at 4°C with each of the primary antibodies, and incubated with horseradish peroxidase-labeled goat antirabbit or anti-mouse antibody (AbFrontier). The bound secondary antibody was detected by enhanced chemiluminescence (Amersham Biosciences), and protein levels were determined by autoradiography using the LAS-4000 instrument (Fuji).
Gelatin Zymography
Prior to electrophoresis, 10 mg of proteins in conditioned media were mixed with sample buffer (50 mM of TrisHCl, 2% SDS, 0.1% bromophenol blue, and 10% glycerol). Aliquots were electrophoresed on 8% SDS-PAGE containing 1 mg/ml Type A gelatin (Sigma-Aldrich). Each gel was washed 3 times for 30 minutes in 2.5% Triton X-100 and then incubated for 20 hours at 37°C in incubation buffer (50 mM Tris-HCl [pH 7.5], 10 mM CaCl 2 , and 200 mM NaCl). The gels were stained with Coomassie Brilliant Blue R-250 (0.2% Coomassie Brilliant Blue R-250, 20% methanol, and 10% acetic acid in water) and de-stained in 20% methanol and 10% acetic acid in water.
F-Actin Immunofluorescence Staining
Cells (5 × 10 3 ) were seeded on an 8-well noncoated chamber slide using rhodamine-conjugated phalloidin (Molecular Probes), according to the manufacturer's instructions. Fluorescence photomicrographs were taken using a confocal microscope (LaserSharp 2000 version 5.1) equipped with a Plan-Apochromat 63×/1.40 oil objective. Confocal images were acquired using LSM 5102.3 software. The wavelength of each antibody was the Alexa 568 emission spectrum at 603 nm.
Statistical Analysis
Significant differences between the 2 groups of treated cells were determined using the paired t-test, with p < 0.05 considered significant. The statistical analysis was performed using SPSS for Windows, version 12.0 (SPSS Inc.).
Results
Endogenous PDIA6 Expression
U87MG cells were transfected with siPDIA6 and 
scrambled siRNA, and expression was confirmed by RT-PCR and Western blotting. As shown in Fig. 1A and B, PDIA6 expression decreased significantly, compared with that of the control, and we confirmed that PDIA6 silencing was maintained for at least 6 days (Fig. 1C) .
Inhibiting PDIA6 Induces Migration and Invasion of U87MG Cells
A wound-healing assay and organotypic culture were used to determine the effect of PDIA6 on migration and invasion of U87MG cells. PDIA6-knockdown in U87MG cells resulted in a high level of motility and complete wound closure after 12 hours (Fig. 2 left) , whereas the control cells showed less motility and incomplete wound closure. These results indicate that PDIA6 may negatively regulate cell motility. We confirmed the effect on invasion of U87MG cells using an organotypic culture system that used normal rat brain as a substrate. [18] [19] [20] The siPDIA6 cells showed extensive invasion of the surrounding normal brain, whereas the control cells did not (Fig. 2 right) . Dynamic regulation of the filamentous actin (F-actin) cytoskeleton is critical to numerous physical cellular processes, including cell adhesion, migration, and division. 38 The change in F-actin filaments between siNC and si PDIA6 cells were visualized by rhodamine-labeled phalloidin staining. The pseudopodia observed in the si-PDIA6-treated cells were thinner and more elongated than those in the control cells (Fig. 3) .
PDIA6 Knockdown Induces Expression of MMP-2 and ADAM17 and Enhances MMP-2 Activity
PDI has been described as a negative regulator of ADAM17, 5 and ADAM17 regulated MMP-2 and MMP-9 expression in a study of prostate cancer invasion. 46 We sought to determine whether PDIA6 affected expression of these proteins in U87MG glioblastoma cells using RT-PCR and Western blot analyses. MMP-2 activity in the supernatant was evaluated by gelatin zymography. ADAM17 and MMP-2 expression increased after inhibition of PDIA6 in U87MG cells ( Fig. 4A and B) . The MMP-2 activation ratio increased significantly compared with that in control cells (Fig. 4C ).
ADAM17 Knockdown Decreases MMP-2 Expression and Activity
To determine whether ADAM17 has an effect on MMP-2 expression and activity in U87MG cells, we transfected the cells with ADAM17 siRNA and assessed MMP-2 expression and activity by Western blotting and zymography. As shown in Fig. 4B and C, ADAM17 knockdown in U87MG cells decreased MMP-2 expression and activity but did not affect PDIA6 expression, compared with the control. These results suggest that PDIA6 acts upstream of ADAM17 and that there is a correlation between PDIA6 and ADAM17 during migration and invasion of U87MG cells.
FIG. 1.
Endogenous PDIA6 expression by transfection with PDIA6 siRNA. PDIA6 was transiently knocked down by a PDIA6-specific siRNA in U87MG cells. Knockdown was confirmed by RT-PCR (A and C) and Western blot (B) analysis. GADPH (glyceraldehyde 3-phosphate dehydrogenase) and actin were used as internal controls. siNC = siRNA negative control, siPDIA6 = PDIA6 siRNA.
FIG. 2.
Effect of PDIA6 on cell migration and invasion. Cell motility was examined by means of the wound-healing assay (left, after 12 hours of incubation), and invasive ability was evaluated after a 5-day organotypic culture system (right). The red dotted lines in the images on the left represent Hour 0 (start line for cell motility) after the scratch was made. Figure is available in color online only.
Next, we determined the factors associated with inducing MMP-2 activity. The MT1-MMP-TIMP-2-proMMP-2 complex forms to activate MMP-2, and a second MT1-MMP forms a dimer with the MT1-MMP in the complex and cleaves proMMP-2 to produce active MMP-2. Active MMP-2 then processes the extracellular matrix proteins not cleaved by MT1-MMP. 30 The increase in MMP-14 activity was not due to an increased quantity of MMP-14 mRNA or protein but relies on appropriate localization at the plasma membrane, in accordance with earlier findings. 36 We examined the MT1-MMP expression in total protein and the membrane fraction of U87MG cells transfected with PDIA6 or ADAM17 siRNA. As shown in Fig.  4D , MT1-MMP expression in total protein and the membrane fraction was increased in siPDIA6-treated cells but was decreased in siADAM17-treated cells, in comparison with expression in control cells.
These results show opposite effects of PDIA6 and ADAM17 on MMP-2 and MT1-MMP, suggesting that PDIA6 may negatively control ADAM17 function.
PDIA6 Is Associated With the EGFR, Integrin, and FAK Signaling Pathways Through Regulation of ADAM17 Shedding Activity
To identify whether PDIA6 regulates ADAM17 activity, ADAM17 shedding activity was indirectly examined by detecting heparin-binding epidermal growth factor (HB-EGF) secreted in conditioned media after treatment with PDIA6 siRNA. HB-EGF is a transmembrane protein, and ectodomain shedding by ADAM leads to secretion of HB-EGF, which acts as an EGFR signaling ligand. 23, 35, 46 In addition, increased HB-EGF expression plays a significant role in the development of malignant phenotypes, thus contributing to the metastatic and invasive behaviors of tumors. 22 In our study, HB-EGF expression was increased in the total protein of siPDIA6, compared with the control (Fig. 5A, upper panel) , and HB-EGF secretion in conditioned media of siPDIA6 was also increased significantly, whereas none was detected in the controls (Fig. 5A, lower  panel) . Then to investigate whether the EGF induced by siPDIA6 activates EGFR signaling, pEGFR expression was determined by Western blotting. The level of expression of pEGFR was significantly greater in siPDIA6-treated cells than in the control cells.
MT1-MMP is recruited to sites of focal adhesion by FAK, and FAK and MT1-MMP must interact to degrade the matrix at focal adhesions. 43 FAK also mediates the correlation between EGFR and integrin signaling. Thus, we assessed integrin a5b3 expression and FAK activation by Western blotting. The expression of both factors was significantly higher in siPDIA6 cells than in control cells (Fig. 5B) . Integrin a5b3 in the membrane fraction was also induced in siPDIA6 cells (Fig. 5C ). These results suggest that activation of ADAM17 by silencing PDIA6 could cleave HB-EGF, and the secreted HB-EGF then activated EGFR signaling.
To confirm whether the correlation between PDIA6 and ADAM17 stimulates EGFR signaling, both PIDA6 and ADAM17 (A+P) were simultaneously knocked down in U87MG cells, and expression of pEGFR, pFAK, integrin, MMP-2, and MT1-MMP was assessed by Western blotting. After double siRNA transfection, silencing of each gene was confirmed by RT-PCR (Fig. 6 left) . Expression of pEGFR, pFAK, and MT1-MMP expression decreased in the double siRNA-treated cells compared with that in the control cells, but expression of integrin a5 and MMP-2 in A+P cells was similar or slightly higher than that in the control cells (Fig. 6 right) .
PDIA6 Affects Cell-Matrix Adhesion
We expected that integrin induced by PDIA6 knockdown would affect cell-matrix adhesion. Fibronectin is an extracellular matrix glycoprotein that binds to integrin. Therefore, we examined the effect of PDIA6 on cell-matrix interaction on fibronectin-coated and uncoated plates.
No difference in adhesion ability was observed between siPDIA6 and control cells on the uncoated plate (p = 0.542, Fig. 7 left) , but siPDIA6 cells showed significantly greater adhesion to the coated plate than did the control cells (p < 0.05, Fig. 7 right) .
AG1478 and Gefitinib Reduce the Factors Increased by siPDIA6 in U87MG Cells
To verify that EGFR signaling induced by PDIA6 knockdown affects the expression of downstream factors, we treated control and siPDIA6 cells with AG1478 and gefitinib (EGFR inhibitors) and performed a Western blot analysis. After treatment, MMP-2, MT1-MMP, and pFAK expression (Fig. 8A) , as well as MMP-2 activity (Fig. 8B),   FIG. 5 . Western blot images demonstrating that PDIA6 is associated with the EGFR, integrin, and FAK signaling pathways through regulation of ADAM17 shedding activity. HB-EGF expression was examined in total protein and conditioned media by Western blot (A). Western blot analysis was performed to detect pEGFR, pFAK, and integrin a5 and b3 expression in total protein (B), and integrin a5 and b3 in the membrane fraction (C).
FIG. 6.
Western blot images demonstrating that the association between PDIA6 and ADAM17 is related to EGFR and FAK signaling. Double PDIA6 and ADAM17 siRNA was transfected into U87MG cells and the knockdown effect was confirmed by RT-PCR (left). EGFR, FAK, MT1-MMP, MMP-2, and integrin a5 expression was detected by Western blot (right). A+P indicates knockdown of both ADAM17 and PDIA6.
decreased compared with expression in untreated cells. Fibronectin was highly expressed in total protein and conditioned media of the PDIA6 siRNA-treated cells compared with expression in control cells, and expression decreased significantly after treatment with the 2 EGFR inhibitors. Integrin a5 and b3 were not affected by the EGFR inhibitors (Fig. 8A ).
AG1478 and Gefitinib Reduce Cell Invasion That Increases in Response to siPDIA6 in U87MG Cells
To verify whether the EGFR signaling transduced by inhibiting PDIA6 in U87MG cells affects cell invasion, a Matrigel assay was performed using U87MG cells treated with siNC, siPDIA6, and the EGFR inhibitors gefitinib and AG1478. The invasive ability of siPDIA6 cells increased more than 2-fold compared with that of control cells (Fig.  8C , p < 0.01), whereas the invasive ability of the siPDIA6 cells treated with the EGFR inhibitors decreased about 70% (p < 0.05) and 46% (p < 0.01), respectively, compared with that of untreated siPDIA6 cells.
Discussion
It has previously been reported that PDI may be positively associated with tumor invasion according to proteome analyses of some types of tumors. 1, 49, 51 In our study, we used wound-healing and Matrigel assays to determine that PDIA6 gene silencing enhanced migration and invasion of U87MG human glioblastoma cells. Studying invasion of brain tumors in a 3D brain-slice model system is more relevant and reliable than using other in vitro mod-
FIG. 7.
Graphs showing effect of PDIA6 on cell-matrix adhesion. The adhesion assay was performed using an uncoated plate (left) and a fibronectin-coated plate (right). Cells were incubated for 1 hour, and adherent cells were detected by the MTT assay.
FIG. 8. Western blot (A), gelatin zymography (B)
, and graph of invasion assay results (C). EGFR inhibitors decreased cell invasion and invasion-associated factors, which were induced by inhibition of PDIA6. EGFR tyrosine inhibitors, AG1478 (10 μM) and gefitinib (1 μM), were applied to siPDIA6 transfected U87MG for 24 hours. The graph's y-axis label indicates the total number of cells invading through Matrigel. C = siRNA negative control; P = PDIA6 siRNA; P+Ge = siPDIA6 siRNA and 1-μM gefitinib; P+AG = PDIA6 siRNA and 10-μM AG1478. *p < 0.05. **p < 0.01. els. 18 We verified the effect of PDIA6 on invasion using a rat normal brain organotypic culture and found that the siPDIA6 cells infiltrated the surrounding normal brain to a much greater extent than did control cells. Furthermore, Factin staining of siPDIA6 cells showed thin and elongated lamellipodia.
It is well established that PDI rearranges disulfide bonds. Some thiol isomerases are located in the endoplasmic reticulum, whereas others are on the cell surface where they are involved in receptor activation and remodeling. 41 For example, ERP5 is recruited to the cell surface and plays a major role in platelet aggregation in response to platelet agonists.
16,17 PDI and ERP5 regulate platelet activation pathways, including aggregation, secretion, and fibrinogen binding. ERP5 becomes physically associated with the integrin b3 subunit during platelet stimulation and mediates adhesion to the a2b1-specific peptide by reorganizing the disulfide bonds of integrin.
17 Some studies have reported that PDIA6 negatively regulates ADAM17 shedding activity. 5, 8, 44 The ADAM domain appears to be involved mostly in shedding cell-surface molecules, and ADAM17 induces migration and invasion in various tumors. Cleavage allows cells to send and/or receive signals and change their adhesion to surrounding cells or substrates. 14 Based on these reports, we considered that the correlation between PDIA6 and ADAM17 might be important for regulating migration and invasion of U87 human glioblastoma cells. We found that ADAM17 and MMP-2 expression increased significantly and that the active form of MMP-2 was induced in PDIA6-silenced cells. In addition, inhibiting ADAM17 led to decreased MMP-2 expression and activity. These results indicate that the association between PDIA6 and ADAM17 is involved in regulating MMP-2 in U87 glioblastoma cells.
Next, we confirmed whether PDIA6 could also regulate ADAM17 shedding activity. ADAM is considered to be a key component in EGFR signaling through ectodomain shedding of EGFR ligands, such as epiregulin, transforming growth factor alpha, amphiregulin, and heparin-binding epidermal growth factor (HB-EGF). 23, 35, 46 ADAM17 is a primary sheddase for multiple EGFR proligands. EGFR is an important mediator responsible for the invasiveness of malignant gliomas. 9, 23 We hypothesized that if PDIA6 negatively modulates ADAM17 function as a sheddase that EGFR signaling could be activated in U87MG cells. HB-EGF, among many EGFR signaling ligands, is well known to bind EGFR after shedding by ADAM. We examined the expression of pEGFR and HB-EGF secreted in conditioned media of PDIA6-silenced U87MG and control cells. HB-EGF and pEGFR were highly expressed and HB-EGF secretion in the conditioned media was also induced, whereas the control cells showed no or only a minimal signal band. In addition, inhibiting both PDIA6 and ADAM17 also reduced the expression of pEGFR and pFAK but not that of MMP-2, compared with control cells. These results suggest that PDIA6 regulates the shedding activity of ADAM17 and that HB-EGF secreted by ADAM17 transduces EGFR-FAK signaling.
In our data, PDIA6 silencing significantly increased the MMP-2 activation ratio. Induction of proteolytic activity in the extracellular matrix is positively related to cell invasion. MT1-MMP activity was initially reported to be a membrane-associated promatrix metalloproteinase-2 (proMMP-2) activator.
21 MT1-MMP at the cell plasma membrane catalyzes the first step in proMMP-2 activation by forming a ternary complex (MT1-MMP/TIMP-2/ proMMP-2) with an adjacent TIMP-2-free active MT1-MMP. This interaction generated an activated intermediate form of proMMP-2 that is further processed to fully activated MMP-2 by different mechanisms (autocatalysis or proteolytic cleavage by plasmin or other active MMPs).
7,30
A 2006 review article explained that MT-MMPs promote cardiac remodeling by activating soluble proMMPs; shedding or activating growth factors, cytokines, or peptides; and interacting with integrins. 25 All ADAMs contain a disintegrin domain that is related in sequence (and presumably structure) to snake venom disintegrins; therefore they are potential integrin ligands. In vitro cell studies have also shown that recombinant disintegrin domains serve as adhesive substrates. Among the various proteins that compose the extracellular matrix, fibronectin is one of the best studied. This large protein promotes cell adhesion and migration as well as signals essential for cell survival.
6,14 MT1-MMP is recruited at focal adhesions by FAK, and an interaction between FAK and MT1-MMP is required for matrix degradation at these adhesions. 43 Phosphorylated FAK acts as a mediator between EGFR and integrin. Cross-talk between EGFR and integrin affects invasion in gastric cancer, 12 and EGFR-expressing cells adhere to fibronectin. Ligation of b3 integrin activates FAK and promotes formation of the complex with EGFR. b3 integrin-EGFR complexes localize to relatively immature, zyxin-poor focal adhesions. EGFR recruits p120RasGAP, which serves as a bridge to p190RasGAP, leading to the formation of filopodia. 4 In other words, interactions among EGFR, integrin, and FAK enhance cell migration and invasion.
In our study, MT1-MMP, pFAK, and integrin a5b3 expression in total protein and the membrane fraction increased significantly after inhibiting PDIA6 in U87MG cells, and adhesion of siPDIA6 cells was enhanced on fibronectin-coated plates. Finally, we confirmed that EGFR signaling induced by inhibiting PDIA6 affected these factors. After treatment with gefitinib, AG1478, and EGFR tyrosine inhibitors, pFAK, MMP-2, MT1-MMP, and fibronectin expression (induced in PDIA6 cells) decreased but that of integrin a5b3 did not. MMP-2 activity also decreased in the inhibitor-treated cells. Based on the Matrigel assay results, we verified that blocking pEGFR signaling decreased cell invasion induced by siRNA PDIA6 in the U87MG glioblastoma cell line.
Conclusions
Inhibiting PDIA6 enhanced migration and invasion of U87MG glioblastoma cells, and PDIA6 gene silencing increased expression and shedding activity of ADAM17. ADAM17 activated by inhibiting PDIA6, in turn, activated EGFR signaling by shedding HB-EGF. Blocking both PDIA6 and ADAM17 resulted in decreased pEGFR and pFAK expression. Furthermore, after treatment with EGFR inhibitors, pFAK, MMP-2 and MT1-MMP over-expressed by inhibiting PDIA6 decreased along with cell invasion.
We propose that inhibiting PDIA6 transduces EGFR signaling by activating and inducing ADAM17, a sheddase of EGFR ligands, during migration and invasion of U87MG glioblastoma cells and then regulates downstream factors as follows. 1) EGFR signaling activated by HB-EGF could affect FAK-MT1-MMP-MMP-2 signaling. 2) Induction of MT1-MMP activates proMMP-2 and may act as a sheddase of other EGFR signaling ligands. 3) Induced fibronectin may act as an integrin ligand. 4) FAK signaling may be associated with cytoskeletal reorganization.
MMP-2 and MT1-MMP induced by inhibiting PDIA6 enhanced cell migration and invasion. Our results suggest that PDIA6 is an important component of EGFR-mediated cell migration and invasion of U87MG glioblastoma cells and could be a molecular target for therapy. Although more studies are needed to confirm PDIA6 function, this is the first report of the effect of PDIA6 on migration and invasion in glioblastoma.
